Delafossites like CuGaO2 have appeared as promising p-type semiconductor materials for opto-electronic applications mainly due to their high optical transparency and 2 electrical conductivity. However, existing synthetic efforts usually result in particles with large diameter limiting their performance relevant to functional electronic applications. In this article, we report a novel surfactant-assisted hydrothermal synthesis method, which allows the development of ultrafine (~5 nm) monodispersed p-type CuGaO2 nanoparticles (NPs). We show that DMSO can be used as a ligand and dispersing solvent for stabilizing the CuGaO2 NPs. The resulting dispersion is used for the fabrication of dense, compact functional CuGaO2 electronic layer with properties relevant to advanced optoelectronic applications. As a proof of concept, the surfactant-assisted hydrothermal synthesized CuGaO2 is incorporated as a hole transporting layer (HTL) in the inverted p-i-n perovskite solar cell device architecture providing improved hole carrier selectivity and power conversion efficiency compared to conventional PEDOT:PSS HTL based perovskite solar cells.
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Introduction
The extraordinary characteristics of organic-inorganic lead halide perovskites, such as high light absorption [1] [2] [3] [4] enhanced charge transport properties and direct band gap transition have improved the photovoltaic performance rapidly during the last years. As a result, a power conversion efficiencies (PCE) surpassing 20 % have been reported [5] [6] [7] [8] [9] . The so-called p-i-n perovskite architecture is widely applied for the fabrication of efficient perovskite solar cells [10, 11] . In this structure, poly (3,4- ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) is the most commonly used hole transporting layer (HTL) due to its facile processing, good electrical conductivity and transparency [11] [12] [13] [14] [15] . Nevertheless, PEDOT: PSS layers might lead to carrier selectivity limitations due to its energy levels, and high hygroscopicity [16, 17] .
The implementation of p-type metal oxides as HTLs, such as NiOx and CuOx [18] [19] [20] , in photovoltaic devices can enhance the overall performance of the cell due to improved hole selectivity and chemical stability [21, 22] . Despite these essential characteristics, the low conductivity and high absorption coefficient induce the need for very thin films which usually leads to low reproducibility of high PCE photovoltaic devices [18] [19] [20] . Therefore, the fabrication of alternative p-type HTL with improved carrier selectivity is needed [23] .
Delafossites is one of the few categories of p-type transparent conductive oxides (TCOs) that combine high electrical conductivity and optical transparency [23] [24] [25] .
Thus, delafossites have been proposed as functional materials for various advanced electronic applications, including p−n junc on transparent electronics, photo and electrochemical catalysis, such as water splitting and reduction of CO2, and different types of solar cells [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Specifically, the delafossite CuGaO2 shows a wide optical band gap in the range of 3.4−3.7 eV [35] , low valence band (VB) edge position (∼5.4 eV vacuum level), high hole mobility and exceptional chemical and thermal stability [30, [36] [37] [38] . However, the high preparation temperature required for the formation of pure-phase CuGaO2 as well as the large particle sizes, disfavor its application for perovskite solar cells and other optoelectronic applications. Consequently, an alternative method for the development of CuGaO2 nanostructures under mild reaction conditions which produce ultrafine nanoparticles with controllable morphology is of high importance [26] .
To date, solid state reactions and vacuum-deposition have been extensively applied for the synthesis of CuGaO2 [35, [39] [40] [41] [42] [43] [44] . However, both methods exhibit significant drawbacks. For example, the high crystallization temperature used in solidstate synthesis can lead to the production of large and aggregated particles with size over 1 μm. In addition, nanostructured materials cannot be easily obtained using vacuum deposition due to its demanding experimental conditions. Yu et al. (2012) have recently developed a more convenient and cost-effective synthesis method, using a relatively low temperature (~240 o C) process [26] . In this procedure, binary metal oxides and sodium hydroxide were used as precursors and mineralizer, respectively; however, the as-produced CuGaO2 particles were on the micrometer scale. Recently, the hydrothermal synthesis of CuGaO2 has been reported, whereas
CuGaO2 nanoplates with size ranging from ~1 μm to ~300 nm were produced by simply changing the pH of the precursor solution [45] [46] [47] [48] [49] . In a similar study, Yu and coworkers reported the phase formation and particle growth mechanism of delafossite CuGaO2 particles under hydrothermal conditions using soluble metal salts as precursors [30] . The formation of nanoparticles (NPs) of size of ~20 nm was observed with the addition of sodium dodecyl sulfate (SDS). However, due to the low water solubility of this surfactant, the size of NPs cannot be precisely controlled and therefore the formation of particles with different sizes (ranging from nm to μm) takes place [26] . Moreover, delafossite CuGaO2 nanoplates 50-100 nm wide and 10-20 nm thick, have been recently synthesized by and Zhang et al. (2017) , using microwave-assisted hydrothermal reaction [23, 34] and have been used in n-i-p perovskites solar cells [34] . The relative large sizes of all CuGaO2 nanostructures, reported in the literature so far, might lead to the formation of non-compact films with high roughness and pinholes, which usually provide limitations on the performance of solution processed opto-electronic devices. Thus, the synthesis of CuGaO2 NPs with unique characteristics, i.e. dimension in the nanometer range, high purity, spherical morphology and high yield percentage for high performance p-i-n perovskite solar cells remains a challenge.
Among various methods, the surfactant-assisted hydrothermal method can be characterized as a desirable process in the preparation of nanoscale materials. This synthesis method offers several important advantages over conventional hydrothermal methods, such as controlled size of NPs, low temperature growth, simplicity and low cost [50] . The critical role of surfactant is to control the size, shape and morphology of the NPs, as well as a decrease in the crystallization temperature favoring therefore, the formation of a pure phase CuGaO2 nanomaterials and offering a cost-effective method for large scale productions.
In this work, we show one step synthesis of pure phase, ultrafine CuGaO2 
Results & discussion
We conducted preliminary experiments with the aim to obtain CuGaO2 NPs with dimension in the nanometer range, high purity and uniform morphology, which are essential properties for functional electronic applications. More specifically, the concentration of the precursors and reducing agent, the addition of surfactant, the pH of the solution and the reaction temperature and time (data not shown) were examined in detail. The optimum conditions are equal to those reported in the experimental section. Briefly, the addition of pluronic P123 (EO20PO70EO20) block 
CuGaO2 nanoparticles characterization
The wide-angle XRD pattern of CuGaO2 displays several broad Bragg diffraction peaks, which can be assigned to the hexagonal structure of CuGaO2 (ahex = bhex = 2.97 Å and chex = 17.17 Å, JCPDS card no 41-0255), Fig. 1a . Please note that the XRD pattern does not present any other diffraction peak, suggesting that as-prepared material is single-phase CuGaO2. The average crystallite size of CuGaO2 calculated from Scherrer analysis of the (006) peak was found to be ~10 nm. For comparison, XRD analysis was also performed for the material prepared using a similar procedure, but without addition of surfactant. The analysis showed the formation of γ-GaO(OH) as the main product, whereas CuGaO2 peaks were not detected (Fig. S1 ). spectroscopy. The CuGaO2 NPs exhibit an intense optical absorption onset in the UV region, which is associated with an optical band gap of approximately 3.8 eV (Fig. 1b) .
The observed wide optical band gap implies a high optical transparency of the prepared NPs in the desired wavelength range. 
Characterization of hole transport layer and perovskite film quality
We have shown above that pure phase ultrafine CuGaO2 spherical NPs are formed by following the proposed surfactant-assisted hydrothermal synthesis. The small particle sizes generally enable the formation of dense, compact films with low surface roughness, which are crucial parameters for p-i-n perovskite solar cell application.
Furthermore, to avoid the agglomeration of the NPs the selection of an appropriate solvent is of utmost importance. In the present study, DMSO was used concurrently as a ligand and dispersing solvent, stabilizing the CuGaO2 NPs. DMSO is an aprotic solvent with high polarity, the absence of hydrogen bonds between DMSO molecule favor the formation of colloidal NPs with minimal aggregation; this is because the oxygen and sulfur atoms in DMSO can coordinate to metal ions on nanoparticles surface [51] . In an attempt to further enhance the dispersion quality, the dispersions were treated with a high frequency sonicator probe for over 60 min and then filtered through a 0.45-μm hydrophobic polyvinylidene fluoride (PVDF) filter. The obtained colloidal solution is of excellent quality and remains stable for several months (Fig. S5) .
The CuGaO2 NPs dispersion was spin coated on glass/ITO substrates, followed by thermal annealing at 300 o C for 20 min in ambient atmosphere resulting in the formation of a 15 nm thick film (as described in experimental section). The thermogravimetric analysis (TGA) profile of the CuGaO2 nanoparticles showed a weight loses of ~2.2 % in the 105-300 o C temperature range, corresponding to the liberation of residual solvent. Then, a weight loss of about 1.7 % was observed up to 600 o C, possibly due to the dehydration and/or dihydroxylation of the CuGaO2 surface (Fig. S4 ). As shown in Fig. 3b the CuGaO2 film exhibits a high degree of compactness and smooth surface (Ra=4.2 nm), which can be attributed to the small size of CuGaO2
NPs. Importantly, as shown in Fig. 3c , the CH3NH3PbI3 active layer which is fabricated on top of ITO/ CuGaO2-NPs is also quite compact and smooth (Ra=14.2 nm) consisted of relatively large grains in the range of ~300 nm. As expected from the literature the type of underlayer and processing conditions influence the morphology of the perovskite active layer [19] . These results indicate that our proposed surfactant-assisted hydrothermal synthesis of CuGaO2 NPs can be successfully applied for the fabrication of high quality thin films suitable for advanced optoelectronic applications. Table 1 . Interestingly, CuGaO2 NPs based p-i-n perovskite devices exhibited a Voc of 1.09 V, which is significantly higher compared with the PEDOT:PSS-based [54] . We ascribe the enhanced Voc to the better energy level alignment of CuGaO2 (~5.3 eV), with respect to perovskite's VB edge ~5.4 eV [55] , compared to PEDOT:PSS (~5 eV) [56] . Therefore, hole extraction at the interface can be enhanced, inducing a lower charge recombination rate which in turn yields an increased built-in-voltage (Vbi).
Device performance
Furthermore, the relatively increased grain sizes of CH3NH3PbI3 photoactive layer (Fig.   3c ), and hence reduced grain boundaries area, reduces the parasitic processes that limit the FF and Voc [19, 57] . It is worthy to mention that solar cell under study shows negligible hysteresis between the two different J-V scan directions (forward-reverse) ( Importantly, metal oxides as front contact hole transporting layers can prevent the perovskite films from intense UV light exposure, and thus can be expected to improve the photostability of perovskite devices, as it has been recently reported by
Zhang et al. with the use of CuCrO2 as HTL [59] .
To summarize, with the incorporation of the high quality dispersed CuGaO2
NPs into p-i-n perovskite solar cells, an increased PCE of 15. due to the low leakage current density. The Fig. S6 show the statistical analysis of performance reproducibility for the corresponding p-i-n perovskite solar cells using the proposed CuGaO2 hole selective contact.
Conclusions
A novel one-step synthesis of p-type delafossite CuGaO2 nanocrystals by a pluronic surfactant-assistant hydrothermal method is reported. The reaction proceeds under low temperature (220 o C) and within a short reaction time (4 h). By the proposed synthetic route, the size of the NPs was fully controlled and the formation of CuGaO2 NPs with diameter of ~5 nm was achieved. A detailed physicochemical characterization of the CuGaO2 NPs is reported including X-ray diffraction, EDS analysis and electron microscopy studies which confirm the high purity and the small grain composition of the CuGaO2 NPs. We have shown that the proposed synthetic route can be used to produce a stable dispersion of CuGaO2 NPs in DMSO with high purity and crystallinity. 
Experimental methods

Materials
Pre-patterned glass-ITO substrates (sheet resistance 4Ω/sq) were purchased from Psiotec Ltd, PbI2 from Alfa Aesar, MAI from Dyenamo Ltd, PC[70]BM from Solenne BV and PEDOT:PSS from (Clevios PH). All the other chemicals used in this study were purchased from sigma Aldrich. comparison purposes, the same procedure described above was also used for the preparation of NCAs without surfactants and with SDS as surfactant.
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